In situ quadrupole mass spectrometry ͑QMS͒ has been integrated to an atomic layer deposition ͑ALD͒ reactor to achieve real-time chemical diagnostic and wafer-state metrology. The process investigated was tungsten ALD using WF 6 and SiH 4 . The UHV-based substrate-heated ALD reactor incorporated a minireactor chamber to simulate the small reaction volume anticipated for manufacturing tools in order to achieve adequate throughput. Mass spectrometry revealed essential surface reaction dynamics through real-time signals associated with by-product generation as well as reactant introduction and depletion for each ALD half-cycle. The by-product QMS signal was then integrated in real time over each exposure and plotted against process cycle number to directly observe ALD film growth, leading to two valuable metrologies. First, the integrated by-product QMS value changes with cycle number, directly reflecting the nucleation kinetics. Specifically, QMS values increase with cycle number during the nucleation phase and then saturates as the film growth enters its steady-state growth phase. Second, summing the integrated by-product QMS signals over an entire deposition run provides an immediate measure of film thickness. The growth kinetics as measured by QMS is consistent with ex situ film characterization and is strongly dependent on process conditions and reactor chamber status. In the latter case, a clear first wafer effect was apparent when the system was left idle for a few hours, resulting in an apparent QMS signal difference during nucleation phase between the first wafer and nonfirst wafer cases. The dependence of QMS signals on chamber status is attributed to parallel reactions on the chamber wall, where different gas exposure history is encountered. The first wafer effect can be explained in a quantitative manner by considering the chamber wall as an additional wafer inside the ALD reactor. The first wafer effects can be reduced by proper preprocess treatment, and the linear correlation between QMS measurement and film thickness suggests a promising start for QMS-based ALD film thickness metrology.
I. INTRODUCTION
Atomic layer deposition ͑ALD͒ has recently become a key process for the deposition of very thin films because its self-limiting character provides excellent thickness control at the atomic level as well as unprecedented conformality while requiring only a relatively low thermal budget. As a result, the semiconductor industry is rapidly adopting ALD to produce the next generation of low power devices that will require very thin films for complementary metal oxide semiconductor gate dielectrics, diffusion barrier layers, or memory capacitors. 1, 2 Use of ALD has also been reported in a variety of micro-and nanoscale applications, from optoelectronic devices to biological microelectromechanical systems.
Achieving such control at the atomic level is in many cases challenging as the saturative, monolayer-by-monolayer nature of ALD is in practice often hindered by a variety of effects. Temperature, precursor dosage, and purge timing directly influence the complex adsorption/desorption mechanisms associated with ALD reactions, while steric hindrance associated with the use of complex precursor molecules adds complexity to the nanostructure of molecular species on the surface. Furthermore a linear growth regime characterized by a constant growth rate per cycle is only achieved after completion of a nucleation phase, a process that can represent a significant fraction of the deposited film thickness, especially in the case of ultrathin applications ͑i.e., Ͻ2 nm͒ which are common place in ALD.
Consequently, development of high vacuum ALD process tools that guarantee high wafer throughput, low contamination, and superior film quality has been challenging 3 and process development on manufacturing platforms is hampered by the lack of in situ sensing capabilities that would enable monitoring in real time the reaction kinetics, particularly in the nucleation regime, and also allow an in situ determination of the deposited film thickness.
To address this issue, we have implemented downstream to an ALD reactor a quadrupole mass spectrometer to achieve real-time diagnostics of the chemical reactions. The design of the UHV ALD platform is aimed at mimicking the conditions found in real ALD manufacturing process tools, Author to whom correspondence should be addressed; also at Institute for Research and Applied Physics; electronic mail: rubloff@umd.edu including a load-lock chamber to minimize chamber memory effects, a small reactor volume for optimized residence times, and wafer-scale processing capability.
In situ process sensors such as quadrupole mass spectrometry ͑QMS͒ have been successfully used for process monitoring, measuring deposition rates, and establishing thickness metrology in a variety of semiconductor manufacturing processes. 4 [13] [14] [15] [16] [17] [18] [19] [20] Recently our group demonstrated that QMS-based sensing could be used to directly reveal the process dynamics in a W ALD process, leading to accelerated understanding and optimization of the process in terms of precursor exposures as well as timing of exposure/purge sequences. 21 In this article, we demonstrate QMS-based observations of film growth and extract thickness metrology information in a W ALD process. By integrating in real-time by-product QMS signal at the end of each ALD cycle and plotting the values against the corresponding ALD cycle number, ALD film growth kinetics were directly observed, revealing nucleation and steady-state ALD growth regimes. By summing these values over the multiple cycles of an entire ALD run, we achieve a thickness metrology consistent with postprocess thickness measurements, illustrating that QMS measurement can be used for predicting ALD film thickness in real time. This provides a good prognosis for an in situ, real-time thickness metrology sufficient to support robust process control strategies.
II. EXPERIMENT

A. ALD reactor and mass spectrometry sampling system
The experiments were conducted on a custom-design ALD system ͑Fig. 1͒ which mimics manufacturing designs for high throughput in accommodating full wafers ͑4 in. outer diameter͒ and small reaction volumes surrounding the wafer so that gas exchange times can be minimized. Our system also incorporates in situ sensing capabilities for process diagnostics, metrology, and advanced process control. The system is based on an UHV platform to enhance process cleanliness. 100 mm wafers are manually loaded through a load lock while a high throughput turbo molecular pump ensured a 1 ϫ 10 −9 Torr base pressure of the process chamber while in idle mode, minimizing potential wall reaction/ contamination during the wafer load and unload sequence. Short gas residence times are achieved by embedding a minireactor within a larger UHV process chamber. This minireactor features a stainless steel ring which supports the wafer and houses a coiled resistive heating element within the substrate holder and support ring. A movable stainless steel cap was pneumatically driven down over the support ring to establish a 0.4 l effective reactor volume, which is pumped by a separate mechanical pump. This innovative design allows for short gas residence times, i.e., Ͻ0.2 s, low contamination and relatively high wafer throughput. In addition, it minimizes the area ratio between the "hot" chamber wall surface and the wafer surface, which will be seen here to be an important factor for successful gas chemical diagnostics. More details about this reactor design were given in a prior publication. 21 A 13-point SensArray thermocouple wafer was used to determine the actual wafer temperature and calibrate the reading of the control thermocouple attached to the back side of the heater. Temperatures indicated in this article are the nominal setpoints, e.g., a 325°C temperature corresponds to a wafer temperature of 350°C with FIG. 1. UHV ALD reactor and massspectrometry sampling system. A 0.4 l minireactor is embedded within a larger UHV-based chamber. Upon loading through the load lock of a 100 mm wafer, a stainless steel cap is lowered over the resistive substrate heater assembly to provide short gas residence times. Gases are sampled from the gas outlet line into a 300 amu mass spectrometer. a 10% temperature nonuniformity across the wafer.
An Inficon Transpector quadrupole masss pectrometer with a 300 amu closed ion source ͑CIS͒ was implemented downstream to the reactor for in situ gas chemical sensing.
Response times of less than 1 s were achieved by using a differentially pumped sampling system. A 30 m orifice was sufficient to maintain an adequate pressure gradient between the process environment ͑ϳ3 Torr͒ and the CIS region ͑1 ϫ 10 −5 Torr͒. Further details about this system can be found in previous publications. 
B. Process conditions
Processes were run on 100 mm Si wafers with an initial 50 nm thermal oxide layer. The wafers were dipped for 30 s in a 1% HF solution, blown dry with nitrogen, and immediately transferred into the load lock. Assuming an etch rate of 10 nm/ min, the as-prepared wafer had an oxide thickness of approximately 45 nm with exposed Si-H and Si-OH bonds on the surface.
The W deposition was carried out by sequentially exposing the surface to WF 6 as a metal precursor followed by reduction by dilute silane ͑1% SiH 4 and 99% N 2 ͒. Research grade Ar was used as a purge gas as well as a carrier gas during the WF 6 half-cycle so that both reactants had a 1% concentration in their diluents. The default process recipe is summarized in Table I . It should be noted that the ALD sequence was initiated by exposing the surface first to silane in order to deposit Si species prior to the WF 6 exposure. Processes were run at 325°C setpoint temperature unless otherwise specified.
C. Film characterization
Ex situ film thicknesses were established postprocess by measuring the sheet resistance using a custom four-point probe over 600 points thus indicating both thickness profile and uniformity of the W ALD film. These thickness measurements were calibrated by dynamic secondary ion mass spectrometry ͑SIMS͒ and subsequent profilometer measurements: SIMS analyses were stopped at the tungsten/silicon dioxide interface, identified as the 50% decrease of the W SIMS signal. Then the crater depths were measured by a mechanical profilometer.
III. RESULTS
A. Direct observation of ALD process dynamics
Achieving accurate quantitative QMS measurements in order to characterize the wafer state first requires observation and understanding of the ALD process dynamics associated with the rapid gas switching sequence. This was reported in detail in a previous publication 21 and, because of its importance for the following work, rapidly reviewed here.
Typical dynamic spectra obtained through a single W ALD cycle is shown in Fig. 2 . The mass-spectrometry signals for species at 2 amu ͑H 2 + ͒, 30 amu ͑SiH 2 + ͒, and 85 amu ͑SiF 3 + ͒ were recorded, SiH 2 + and SiF 3 + corresponding, respectively, to the fragmentation of SiH 4 and SiF 4 . By-product generation as well as reactant depletion were clearly observed during each exposure step, while subsequent purges resulted in a rapid decrease of their respective signals to background level. During the SiH 4 half-cycle, the silane reactant appeared to be initially depleted as indicated by its QMS signature which remained at background level. In contrast, the H 2 signal increased rapidly as it is a by-product of the surface reaction between silane and the adsorbed W species. The H 2 signal increased to a plateau, then decreased sharply, consistent with saturation of the surface reaction. Analogous behavior was observed during the WF 6 half-cycle TABLE I. Default W ALD process recipe. Unless otherwise indicated, the nominal process temperature was 325°C, corresponding to an actual wafer temperature Ϸ350°C.
Step Time ͑s͒ exposure, where the by-product SiF 4 signal increased rapidly upon WF 6 exposure, then decreased as the surface reaction was completed. It should be noted that the WF 6 signal could not be seen on this linear scale because its cross section for mass spectrometry is small, in addition to the fact that WF 6 molecules were readily adsorbed on chamber walls and delivery tubes. This is consistent with prior observations obtained during W CVD processes where the WF 6 signals would build up over the background level only after a continuous exposure of several minutes. 7, 8 As previously detailed, by identifying in real time the state of the saturative, self-limited reactions, gas exposures, and purges can be rapidly optimized from a process recipe point of view. In addition the QMS chemical signatures provide direct insight into the complex chemical reactions and potential interactions between reactant exposures.
B. Direct observation of ALD film growth kinetics
The intensity of the by-product QMS signals is strongly correlated to the process conditions and reflects the selflimiting nature of the ALD reactions. Key information about the process and wafer state can also be retrieved by integrating the mass spectrometry signal over time.
H 2 and SiF 4 by-product QMS signals were integrated through each corresponding exposure, respectively, those of silane and WF 6 . By plotting the integrated results computed at the end of each cycle against the respective cycle number, ALD film growth kinetics were directly observed. Figure 3 shows the integrated SiF 4 and H 2 by-product signal obtained in real time over a single ALD run, a new data point being computed at the end of each cycle. Two different regimes can be identified: first the integrated signal builds up over the first ϳ23 cycles before reaching a plateau that will remain constant until the end of the process. The two different regions in Fig. 3 correspond, respectively, to the nucleation phase and steady-state growth phase of the ALD process. Initially the ALD film growth starts from isolated active surface sites, presumably forming isolated islands on the substrate. The precursor chemisorption occurring primarily on these islands, the amount of by-product generated and the associated integrated by-product signal increase as the islands expand laterally and offer an increasing number of active surface sites on which the reactants can be adsorbed. The islands will eventually coalesce and form a continuous ALD film with a constant density of surface active sites. At that point, the steady-state growth results in a constant desorption of by-product during each exposure, and the integrated by-product QMS value also becomes constant. This nucleation behavior has already been reported in a variety of ALD processes, [22] [23] [24] [25] [26] [27] including for W ALD using WF 6 and Si 2 H 6 . 28 The integrated QMS results for both by-products are consistent with each other in terms of the length of nucleation phase, which, as shown in Fig. 3 , appears to be around 23 cycles. This result, obtained from a single ALD run, is in good agreement with postprocess ex situ measurements. As shown on Fig. 4 , the length of the nucleation regime was calculated by extrapolating the linear fit over the actual postprocess thickness measurements obtained from 6 consecutive runs and determined to be around 23, indicating that the QMS observations are consistent with postprocess measurements.
As demonstrated in Fig. 5 , the shape of these growth curves is consistent from wafer to wafer, except for a firstwafer effect described and analyzed below. Within experimental error ͑estimated from the spread of data points in any of the curves in Fig. 5͒ , the nucleation kinetics and steadystate growth rate are seen to be the same for successive wafers processed in sequence, with minimal time delay, after the first.
C. Effect of process conditions on ALD film growth
The need for in situ process metrology is underscored by the factor that process results depend on a variety of detailed parameters, as illustrated in this section. Figure 6 demonstrates that the growth kinetics are influenced by the final surface treatment prior to ALD growth. H 2 O exposure produces a thin oxide layer with OH termination groups, while final HF surface treatment is known to leave a H-passivated Si surface without oxygen. This difference has notable influence on both nucleation kinetics and the steady-state growth rates subsequently realized.
Previous reports indicate that the film growth during W ALD processes presents a notable temperature dependence. 21, 28 This is clearly illustrated on Fig. 7 where the integrated QMS data from three runs at different temperatures are compared. As the process temperature is successively increased from 175 to 325°C, nucleation rates as indicated by the time required for nucleation, as monitored by the mass spectrometry, increase as well. In addition, the shape of the nucleation region kinetics appears to change with temperature, with the beginning of growth deferred particularly at lower temperature. This suggests that the density of active sites present on the surface is lower at the lowest temperature, leading to inhibition of growth. Indeed if the number of nucleation sites had been the same for the three cases, the corresponding integrated QMS signals would then have similar shapes though different intensities ͑due to the growth rate difference͒ which is not what is observed with the QMS.
These effects illustrate that ALD growth kinetics can depend fairly sensitively on details of process conditions and initial wafer state. Furthermore, this is particularly true in the nucleation regime, precisely the domain of ultrathin films for which ALD is attractive for its unique capability in thickness   FIG. 4 . Comparison of real-time QMS measurement computed over one single run and ex situ film thickness measurements ͑sheet resistance͒ measured over six runs of different lengths. The two methods are in good agreement, the nucleation region being estimated at 23 cycles in both cases. This result clearly illustrates the benefits of in situ QMS diagnostic as the nucleation regime is characterized over a single run as opposed to the multiple runs necessary for ex situ characterization.
FIG. 5.
Integrated H 2 signals for second, third, and fourth wafers within a same batch. The three process recipes were identical except for the total number of cycles. Within experimental error, the measurements are consistent from wafer to wafer. The case of the first wafer is discussed in Fig. 10 . control and high conformality. These dependencies suggest a need for advanced process control ͑APC͒ as ALD processes move into manufacturing. A prime purpose of this work is to develop the metrology strategies needed to drive control actions to accomplish APC. The mass spectroscopy results here provide an indication of quantitative behavior, but for them to serve as a metrology they must be related to direct measurements of thickness, growth rate, etc. Calibration of the mass spectrometry signals against direct postprocess thickness measurements was shown in Fig. 4 . Further investigation of the mass spectroscopy results as real-time process metrology is described in the following sections.
D. W ALD thickness metrology
As in CVD, the stoichiometry of the ALD reaction provides a well-defined quantitative relation between by-product generation or reactant depletion and the amount of material deposited. Previous work in CVD has shown that real-time, in situ thickness metrology could be established with a precision better than 2% by integrating in real time a specific QMS value over the length of a run. 8, 9 In the case of ALD, the dosing dynamics makes a somewhat more complex but by no means intractable situation. As indicated earlier, integrating by-product signals over each dosing cycle provides an indication of process kinetics under the changing dynamics of each pulse, from which conclusions were inferred about process features such as nucleation, surface dependence, etc. To validate the quantitative relationship between integrated by-product signals seen in real-time mass spectrometry and actual deposition rates, we now integrate by-product signals over entire ALD deposition runs by summing the components associated with each dosing cycle and then compare these sums to postprocess thickness measurements inferred from sheet resistance measurements carried out ex situ, postprocess in the four-point probe instrument.
The relationship between actual film thickness and the integrated by-product QMS values over a full deposition run is shown in Fig. 8 for five sequential ALD runs. Different process temperatures were intentionally used to evaluate the linearity of the relation over a broad range of process temperatures and resulting thicknesses. Except for the first wafer, a linear correlation between the film thickness and the total integrated by-product QMS value is clearly demonstrated no matter which by-product is taken into account, as evidenced by the linear regression fits indicated in the figure. The correlation coefficients R for the linear regressions are 0.998 and 0.997, respectively, for the SiF 4 and H 2 integrated signals ͑first point excluded͒. The fact that slopes are somewhat different for the two by-products, i.e, 1.4ϫ 8 10 versus 3.4ϫ 8 10 nm/ ͑A s͒, results from different QMS sensitivities for the products, as well as from the specific reaction stoichiometry. Figure 9 shows the results for a sequence of three wafers run after conditioning of the chamber to simulate the effects of prior wafer runs. The system had been left idle overnight prior to processing this batch and the conditioning was carried out by running 30 ALD cycles at 325°C with no wafer. A linear relationship is again obtained, providing further evidence that downstream mass spectrometric sensing provides a useful real-time metrology for ALD processes, giving confidence for its use in advanced process control.
E. First wafer effect
This ALD process exhibits a first wafer effect, namely, for continuous ALD runs under the same process conditions, the integrated by-product QMS curves are different for the first wafer than for subsequent wafers run one after the other. Here, by "first wafer" we refer to the initial run after the system was left idle overnight at a pressure of 1 ϫ 10 −8 Torr. As shown in Fig. 10 , the integrated by-product signals during the nucleation phase are at a higher intensity for the second wafer than for the first wafer case, or alternatively, nucleation is slower for the first wafer. However, once the steady-state growth is reached, both signals saturate at the same level. The difference between the two curves is attributed to the fact that the surface chemistry of the chamber walls is different for the first versus the subsequent runs. In turn, this is reflected in the QMS results because the downstream QMS measurement takes into account ALD reactions occurring on the wafer as well as on any chamber walls which experience the reactant dose and are maintained at sufficiently elevated temperatures, particularly close to the wafer temperature. In the case of our reactor, this explicitly includes the wall area for the cap which covers the wafer and its substrate support to form the mini-ALD reactor ͑Fig. 1͒. When processing the first wafer, the nucleation processwhich retards growth rate-will occur on both the wafer and wall surfaces until steady-state growth conditions are achieved. Upon removal of the first wafer and introduction of subsequent wafers through the load lock ͑with time delays of only a few minutes͒, conditions on the walls will be maintained appropriate to steady-state growth conditions, while only new wafer's surface will undergo nucleation processes and their lower growth rate.
The metrology consequences of the first wafer effect are displayed in Fig. 8, which shows the relationship between integrated by-product signals-both SiF 4 and H 2 -and postprocess determinations of actual film thickness. A linear relationship is obtained for four sequential ALD runs, similar to the data shown in Fig. 9 . In contrast, the first wafer exhibits anomalously low by-product signals in the mass spectrometer for the measured film thickness. The existence of anomalous behavior is not surprising in view of the different magnitude of nucleation effects for first wafer compared to subsequent wafers, as seen in Fig. 10 . However, the impact of this on metrology relating integrated by-product signals from mass spectroscopy to actual thickness as measured by sheet resistance is more complex, in part because of ambiguity in interpreting sheet resistance measurements of electrical transport in a nucleation regime where islands are presumably formed below an electrical percolation threshold. These issues are described in more detail in the Discussion section below. However, the point should be emphasized here that the presence of wall reactions in addition to wafer deposition impacts real-time mass spectrometry based metrology in first wafer situations where the walls surrounding the wafer have not equilibrated to, or drifting away from, wall surface conditions like those found in the steady-state ALD growth regime. Fortunately, such situations are routinely avoided in the manufacturing environment, where chamber conditioning and sacrificial wafer processing are often done to avoid such first wafer effects.
IV. DISCUSSION
A. Chamber wall effects in real-time deposition sensing
The existence of a nucleation regime in ALD, shown in Figs. 3 and 4 , is known to be common in many ALD processes. In some ALD reactor designs, such as cold wall systems, associated wall reactions surrounding the wafer may not be so important. However, single-wafer designs ͑com-mon in the industry cluster tool compatibility͒ are aimed at achieving sufficient manufacturing throughput, and accordingly these must utilize small reactor volumes around the wafer. In turn, this leads naturally to chamber walls reaching elevated temperature, even temperatures close to wafer temperature, transforming the nearby surrounding walls to deposition surfaces. Thus the real-time mass spectrometric signals represent deposition behavior on both wafer and surrounding chamber walls. Nucleation phenomena exhibit slower growth rates ͑as measured by reaction by-products in the down- FIG. 9 . Ex situ film thicknesses vs sum of integrated SiF 4 signals for three consecutive runs established after the system had been left idle overnight and conditioned prior to running the first wafer in order to correct for the "first-wafer effect" illustrated in Fig. 8 . 4 QMS data for first and second wafer runs. The difference between the two curves reflects the fact that during the first run both wafer and walls of the minireactor undergo nucleation during which the growth rate and associated by-product generation is lower. For the second wafer, conditions on the walls are maintained appropriate to steadystate growth conditions, while only new wafer's surface undergo nucleation processes resulting in the overall higher by-product generation.
FIG. 10. Comparison of integrated SiF
stream mass spectrometer͒ than subsequent steady-state ALD growth rates. If surface conditions of wafer and walls are similar, then sensor signals will show strong nucleation delays. However, once deposition on the walls has reached steady state in a load-locked system, then subsequent wafer runs will encounter nucleation delays only for the wafer surface, not the surrounding walls. This would be typical in manufacturing. If, however, there is substantial time lapse and adsorption of trace contaminants on the walls, or more drastically if the chamber is opened for repair, the wall conditions will change and experience nucleation delays in the next ALD process run.
These effects are illustrated by the schematic models shown in Figs. 11 and 12 and used to explain the first wafer effect in Fig. 5 . Figure 11 treats the first wafer case, showing a nucleation regime before steady-state growth for deposition FIG. 11 . Illustration of integrated by-product QMS signal during a first wafer case. The overall signal ͑right͒ reflects the nucleation dynamics occurring on both the hot reactor surfaces ͑"a" contribution͒ and wafer surface ͑"b" contribution͒.
FIG. 12. Illustration of integrated byproduct QMS signal during second and subsequent wafer cases. Contrary to the case illustrated in Fig. 11 , reactor walls have already reached steady-state ALD growth conditions at the start of the process. Therefore, the overall by-product signal during the nucleation phase ͑occurring only on the wafer͒ is at a higher level than for the first wafer case.
on both the wafer and the surrounding walls. The total sensor signal as a function of time or cycle number for an ALD run then reflects strong nucleation phenomena suppressing growth rate as measured by mass spectroscopic reaction byproducts. Once this first wafer has been processed, however, a subsequent wafer introduced through the load lock and processed will generate growth inhibition by nucleation only for the wafer surface, not the surrounding walls, since the walls have already reached steady-state ALD growth conditions. As a result, the total sensor signal will reflect smaller growth rate suppression due to nucleation as seen in mass spectrometrically observed reaction by-products ͑Fig. 12͒. The smaller the ratio of wafer to wall area, the less nucleation inhibition will be measured, although this also means that sensitivity to wafer state-the prime goal of the downstream chemical sensing strategy-will deteriorate. These factors all argue for small reaction volumes with minimal surrounding wall area, as well as serious attention to preconditioning by monitor or sacrificial wafers to condition the reactor walls beyond the nucleation regime.
These considerations presume that the real-time mass spectrometric signals are indicative of ALD deposition kinetics on the active surfaces, both wafer and surrounding walls at elevated temperature. The question of how well the mass spectrometry signals reflect actual deposition thicknesses is a separate issue, addressed in the next section.
B. Validating mass spectrometry based metrology
Previous work has shown linear relationships between downstream QMS measurements of reaction by-products and actual deposition thicknesses in CVD processes for metals ͑W͒, semiconductors ͑GaN-based systems, polySi͒, and insulators ͑SiO 2 ͒. 4, [6] [7] [8] 11 For ALD processes studied here, Figs. 8 and 9 show such linear relationships arise within the proviso that first wafer effects be avoided. This suggests that the QMS signals are indeed reflective of deposition amounts occurring somewhere within the ALD reactor. Accordingly, the variations in QMS signals seen as a function of starting surface condition, choice of initial species dose, and wafer temperature are thus considered indicative of real phenomena occurring in ALD processes.
What is problematic is the measurement of actual thickness in the nucleation regime. Clearly sheet resistance measurements lose meaning in the nucleation regime below a percolation threshold for electrical conductivity. Furthermore, the micro-or nanoscale structure of early deposition in this regime could involve a variety of subtle phenomena, where island growth, surface diffusion, and nucleation barriers between the islands might be expected. The results in Fig.  8 could be regarded as particularly puzzling. Extrapolation of the linear regression fit to the x axis indicates that finite by-product signals ͑x Ͼ 0͒ are measured when postprocess sheet resistance measurements show no conductivity. This is perfectly understandable if it is recognized that this regime of initial deposition is likely below the percolation threshold, as described in the discussion of Fig. 4 .
C. Significance of reaction surface conditions
A primary motivation for ALD development and adoption into manufacturing is to create well-controlled ultrathin layers of high conformality. Accordingly the desired ALD films may be significantly or entirely formed within the nucleation regime. We have seen that final surface conditioning before the ALD process has a distinct effect on both nucleation kinetics and steady-state growth rate ͑Fig. 6͒. These phenomena must, however, be considered within the context of reactor wall history. The modest volatility of ALD precursors-whether organometallics or halides-means that adsorption, reaction, and displacement reactions can occur on chamber, gas delivery, and exhaust line walls, sometimes introducing chemical complexity into the observed behavior. Given that in our minireactor the chamber walls surrounding the wafer behave essentially like another wafer surface that remains in place through multiple wafer runs, we expect chamber wall effects not to dominate the surface-dependent behavior associated with final surface pretreatment and with choice of initial reactant dose.
V. CONCLUSION
Using W ALD based on SiH 4 reduction chemistry, our previous work 21 demonstrated that real-time chemical sensing using downstream mass spectrometry can reveal the dynamics of ALD reaction processes, enabling rapid process optimization of process cycles as well as insight into operative process chemistry. Depletion phenomena, modest ͑few kcal/mol͒ temperature dependence of deposition kinetics, and some indication of dose interactions were identified.
The present work attempts to extend that earlier work to develop real-time ALD metrology. In demonstrating the sensitivity of ALD growth to surface condition, both surface pretreatment and choice of initial reactant pulse, and to temperature-dependent kinetics, the results underscore the need for process monitoring and control in order to exploit ALD in manufacturing. Integrated mass spectrometric signatures of ALD by-product generation provide real-time measurements of value for ALD metrology. For well-defined situations that avoid extraneous first wafer effects ͑normally avoided in manufacturing as well͒, a linear relation is found between integrated by-product signals for a complete ALD run and postprocess measurements of film thickness obtained on complete films through sheet resistance measurements. This constitutes the primary validation of real-time downstream mass spectrometry as an ALD thickness metrology, and it mirrors our prior results on a variety of CVD reaction systems.
The cycle-by-cycle metrology derived from integration of by-product signals over each cycle, exemplified in Fig. 3 , is likely the most valuable finding of this work. In a single ALD run, this real-time sensing technique provides a quantitative depiction of the ALD nucleation kinetics as well as steady-state growth rates. The agreement between byproduct signals provides a level of gratifying confirmation and self-consistency. In contrast, without the downstream sensing demonstrated here, numerous wafer runs would be required to produce equivalent results; furthermore, multiwafer runs and postprocess thickness measurements would still be subject to uncertainties about run-to-run reproducibility, one of the key concerns driving current industry efforts at advanced process control.
As implied in the discussion above, validation of the downstream mass spectrometric measurements as quantitative metrology is somewhat more challenging. A good correlation with postprocess measurements is found for ALD films not subject to complexities of first wafer situations, although these are normally avoided in manufacturing anyway. More difficult is the challenge of validating the downstream mass spectrometry to quantify the coverage or pseudothickness in the nucleation regime, where more research is surely indicated.
Whether we regard the downstream mass spectrometry as a quantitative metrology or simply a process monitor, its value is substantial to the development of ALD. It directly reveals surface saturation ͑or deviations from it͒ in real-time data along with by-product identification, thus producing a powerful instrument for process development and understanding. It also provides a rapid vehicle to assess nucleation kinetics during process development. And precisely this function holds promise for advanced process control for manufacturing, since growth kinetics like that in Fig. 3 can be employed for fault management in detecting when unexpected conditions arise ͑e.g., from incorrect surface pretreatment, equipment failures in delivering correct gas dosages, or temperature drifts͒. Since the sensor is implemented downstream of the reaction zone, these benefits accrue without having to modify the ALD reactor, and for that matter such sensors ͑mass spectrometers, or residual gas analyzers͒ are often already present on low-pressure tools for vacuum control anyway.
